We compared changes in muscle sympathetic nerve activity (MSNA) and cardiovascular variables during leg cycle exercise with increased inspiratory muscle resistance in men and women. We hypothesized that sympathetic vasomotor outflow during exercise with increased inspiratory resistance would be attenuated in young women compared with age-matched men. Eight women and seven men completed the study. The subjects performed two 10 min exercise bouts at 40% peak oxygen uptake using a cycle ergometer in a semirecumbent position [spontaneous breathing for 5 min and voluntary hyperventilation with or without inspiratory resistive breathing for 5 min (breathing frequency 50 breaths min −1 with a 50% duty cycle; inspiratory resistance 30% of maximal inspiratory pressure)]. Mean arterial blood pressure (MAP) was acquired using finger photoplethysmography. The MSNA was recorded via microneurography of the right median nerve at the cubital fossa. During leg cycle exercise with inspiratory resistive breathing, MSNA burst frequency was increased, accompanied by an increase in MAP in both men and women. Women, compared with men, had less of an increase in MAP (women +22.8 ± 12.3 mmHg versus men +32.2 ± 5.4 mmHg; P < 0.05) and MSNA burst frequency (women +9.6 ± 2.9 bursts min −1 versus men +14.6 ± 6.4 bursts min −1 ; P < 0.05). These results suggest that the attenuated inspiratory muscle-induced metaboreflex during exercise in young women is attributable, in part, to a lesser sympathetic vasomotor outflow compared with men.
INTRODUCTION
It has been reported that high-intensity whole-body exercise leads to respiratory muscle fatigue (Johnson, Babcock, Suman, & Dempsey, 1993; Romer & Polkey, 2008) . Fatiguing respiratory muscle work and the concomitant accumulation of metabolites are associated with neural and cardiovascular consequences resulting in redistribution of blood flow during exercise (Dempsey, 2012; Harms et al., 1998) .
In young men, high inspiratory muscle work at rest and during exercise reflexively increases muscle sympathetic nerve activity (MSNA), with corresponding increases in arterial blood pressure (ABP) and leg vascular resistance (Katayama et al., 2011; c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society Iwamoto, Ishida, Koike, & Saito, 2012; Sheel et al., 2001; Smith et al., 2016; St Croix, Morgan, Wetter, & Dempsey, 2000) . This sympathoexcitation occurs through an inspiratory muscle-induced metaboreflex (Dempsey, Amann, Romer, & Miller, 2008; Hill, 2000) .
Sex differences exist in respiratory anatomy and mechanics during exercise. The airways of women have smaller diameters compared with those of men even when matched for lung volume (Sheel et al., 2009) , and this is associated with the development of expiratory flow limitation during whole-body exercise (Guenette, Witt, McKenzie, Road, & Sheel, 2007; Smith, Rosenkranz, & Harms, 2014) . Accordingly, women have a higher work of breathing for a given ventilation (Dominelli et al., 2015; Guenette et al., 2007) . Owing to this
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• What is the central question of this study?
Premenopausal women have an attenuated inspiratory muscle metaboreflex-induced increase in arterial blood pressure compared with men. It is unclear whether sympathetic vasomotor outflow during dynamic exercise with increased inspiratory muscle activation is less in young women than in men.
• What is the main finding and its importance?
The magnitude of increased sympathetic vasomotor outflow during leg cycling with inspiratory resistance was smaller in women than in men. Less sympathetic vasomotor outflow with inspiratory muscle metaboreflex activation could be one of the mechanisms for the attenuated inspiratory muscle-induced metaboreflex during exercise in young women.
higher work of breathing, it has been proposed that women would have greater inspiratory muscle fatigue and metaboreflex compared with men. In contrast to this supposition, less exercise-induced diaphragmatic muscle fatigue is exhibited in women compared with men (Guenette et al., 2010) . Additionally, women have attenuated inspiratory muscle metaboreflex-induced increases in ABP and limb vascular resistance compared with age-matched men (Shimizu et al., 2017; Smith et al., 2016) , indicating that young women exhibit an attenuated inspiratory muscle-induced metaboreflex compared with young men. To date, the mechanisms underlying the sex differences in the inspiratory muscle metaboreflex have not been elucidated.
One potential mechanism that has previously been proposed is that inspiratory muscle metaboreflex activation results in less sympathetic vasomotor outflow in women compared with men (Smith et al., 2016 (Smith et al., , 2017 . In support of this, static handgrip exercise led to attenuated increases in MSNA in women compared with men (Ettinger et al., 1996; Jarvis et al., 2011) . To our knowledge, no data are available comparing MSNA between men and women during dynamic exercise with increased inspiratory muscle work.
Clinically, respiratory muscle activity could play an important role in limiting oxygen delivery in patients with chronic obstructive pulmonary disease (COPD; Amann et al., 2010) . Recent studies show a progressively higher prevalence of COPD in women (Thun et al., 2013 ). However, the preceding studies have been made on male COPD patients or in a mixed population of both sexes, without consideration of potential differences between men and women (Ausín et al., 2017) . Therefore, it is necessary to explore the effect of increased inspiratory muscle activation on ABP and sympathetic vasomotor outflow during exercise in both sexes.
We hypothesized that sympathetic vasomotor outflow during exercise with increased inspiratory muscle resistance would be less in women compared with men. To test this hypothesis, we recorded MSNA and cardiovascular variables during mild-intensity leg cycle exercise with or without inspiratory resistance in men and women.
METHODS
Ethical approval
This study was approval by the institutional review board of the Nagoya University Graduate School of Medicine (approval no. 2016-0030 ) and conformed to the standards set by the Declaration of Helsinki (2013) except for registration in a database. All subjects were informed about the experimental procedures and potential risks involved, and provided written and verbal informed consent.
Subjects
Ten young women and 10 age-matched men began the study originally, and eight of 10 women and seven of 10 men completed the study (women: age 19.5 ± 0.5 years, height 158.5 ± 4.7 cm and body mass 51.8 ± 3.1 kg; men: age 20.3 ± 0.8 years, height 168.0 ± 6.6 cm and body mass 58.9 ± 6.8 kg). All were sedentary non-smokers, with no history of cardiovascular diseases. Testing of the women was not standardized to a specific time point within the menstrual cycle.
Experimental procedure
All experiments were conducted at a constant temperature of 22-24 • C. At the preliminary visit, the subjects were instructed how to extend laterally and hold their arms during leg cycling using an electromechanically braked ergometer in a semirecumbent position (Aerobike 75XLIII, Combi, Tokyo, Japan; Katayama et al., 2012 Katayama et al., , 2013 Katayama et al., , 2014 .
The subjects reported to the laboratory on three additional occasions, separated by ≥3 days.
On day 1, the subjects performed pulmonary function tests, respiratory muscle strength measurement, and an incremental exercise test using the ergometer (maximal exercise test). The exercise test began at an initial power output of 60 W for women and 90 W for men, and the workload was increased by 15 W every minute until exhaustion. The pedalling rate was maintained at 50 r.p.m. with the aid of a metronome. During the test, cardiorespiratory parameters were recorded and were averaged every 30 s afterwards. The highest oxygen uptake (V O 2 ) value obtained during the test was reported as
On day 2, two preliminary submaximal exercise tests were performed for subjects to practise how to hold their arms and how to control their breathing during exercise with or without the inspiratory resistance. Expired minute ventilation (V E ), tidal volume (V T ), breathing frequency (f R ), heart rate (HR), end-tidal O 2 and CO 2 fractions (F ET,O 2 and F ET,CO 2 ) and ABP were measured throughout the experiment. The time course of the experiment is presented in Figure 1 .
The subjects rested for 3 min (rest, spontaneous breathing; Baseline).
Then, submaximal exercise was carried out for 10 min at an exercise intensity of 40%V O 2 peak . The pedalling rate was maintained at 50 r.p.m. hyperventilation; Ex-VH). During the Ex-VH, f R was maintained at 50 breaths min −1 , and the inspiratory and expiratory durations of one breath cycle were each set at 0.5 s via auditory feedback from the metronome. Tidal volume was regulated to be twice the baseline V T . End-tidal partial pressure of CO 2 (P ET,CO 2 ) was maintained within ±4 mmHg of the baseline P ET,CO 2 by adding CO 2 to the inspired air. The resistance device (threshold type) was connected to the inspiratory side via tubing. The inspiratory resistance was set at 30% of maximal inspiratory pressure (PI max ). During the submaximal exercise test, the subjects were asked to report their ratings of perceived exertion (RPE; 0-10 scale; Borg, 1982) for dyspnoea during the last minute of baseline and every minute during exercise. The same procedure was repeated twice, i.e. with or without inspiratory resistance (resistance and non-resistance trials), with a 20 min interval between trials. In a preliminary study, we confirmed that the changes in cardiovascular variables returned to pre-exercise (Baseline) levels within 20 min. The order of resistance and non-resistance trials was randomly assigned and counterbalanced.
On day 3, the subjects performed the two submaximal exercise tests with MSNA measurement. The procedures and measurements of respiratory and cardiovascular parameters were identical to those performed on day 2.
Initially, 10 women and 10 men began the study. The MSNA recordings were completed for eight of 10 women and seven of 10 men. The MSNA recording could not be performed in the remaining five subjects because of electrode displacement from the muscle sympathetic nerve or bursts as a result of movement of the arm or body during leg cycling consistent with our previous studies (Katayama et al., 2012 (Katayama et al., , 2013 Katayama, Itoh, Saito, Koike, & Ishida, 2015) .
Pulmonary function and respiratory muscle strength
Pulmonary function {vital capacity (VC), forced vital capacity (FVC), the forced expiratory volume in 1 s [FEV1.0, FEV1.0 (%)]} and maximal voluntary ventilation in 12 s (MVV12) was determined by means of a computerized spirometry system (AS-507; Minato Ikagaku, Osaka, Japan). These measurements were repeated five times, and the highest three values were averaged for variables except for MVV12. The MVV12 was measured twice, and the higher value was accepted.
Adopted values of each measurement agreed within 3% at VC, FVC, FEV1.0 and FEV1.0% (Itoh et al., 2016; Miller et al., 2005; Wanger, 2012) . The valeus of PI max were assessed using a hand-held mouth pressure meter (AAM377; Minato Ikagaku, Osaka, Japan) connected to a computerized spirometry system. The PI max was taken from residual volume (Downey et al., 2007; Katayama et al., 2012 Katayama et al., , 2013 .
The adopted values of each measurement agreed within 10% at PI max (Miller et al., 2005; Wanger, 2012) .
Respiratory variables
During the maximal exercise test, subjects breathed through a mouthpiece attached to a Fleisch pneumotachometer (PN-230; Arco Systems, Chiba, Japan), and their noses were occluded. The pneumotachometer was connected to a device equipped with a oneway, low-resistance valve. The dead space in this ventilator system was ∼150 ml. During the maximal exercise test,V E ,V O 2 and carbon dioxide output (V CO 2 ) were determined using an online system with a mixing chamber, as in our previous studies. Expired gas volume was measured by a Fleisch pneumotachometer (PN-200; Arco Systems), which was connected to the expiratory side of the valve via tubing.
Sample gas was drawn through a sampling tube inserted into the pneumotachometer to measure expired gas fractions. The expired gas fractions were analysed using a mass spectrometer (ARCO-1000; Arco Systems). Breath-by-breath data were analysed continuously using customized computer software.
During the submaximal test, the flow signal from the pneumotachometer (PN-230; Arco Systems) was connected to a computer through an analog-to-digital converter (CSI-3204; Interface, Hiroshima, Japan), and the target V T during the Ex-VH was visualized as a horizontal line for feedback on the computer screen. Sample gas was drawn through a sampling tube inserted into the mouthpiece to measure F ET,O 2 and F ET,CO 2 by means of a mass spectrometer (ARCO-2000; Arco Systems). Arterial oxygen saturation (S pO 2 ) was measured using a finger pulse oximeter (Radical 7; Masimo, Irvine, CA, USA). The signals from the pneumotachometer, gas analyser and pulse oximeter were sampled at a frequency of 200 Hz through an analog-to-digital converter (CSI-3204; Interface) and were stored in a computer (CF-F8; Panasonic, Osaka, Japan). The signals were analysed afterwards by means of our own computer software.
Cardiovascular variables
An ECG was measured using a three-lead electrocardiograph (AB-621; Nihon Koden, Tokyo, Japan) during the maximal and submaximal exercise tests, and HR was calculated from each R-R interval obtained.
Beat-to-beat ABP was acquired during the submaximal exercise test using finger photoplethysmography from the middle finger of the left hand (Finometer; Finapres Medical Systems BV, Amsterdam, The Netherlands). The ECG and ABP signals were sampled and analysed using a method similar to that for respiratory variables. Arterial systolic and diastolic blood pressure (SBP and DBP) were determined from the ABP waveform signal, and mean ABP (MAP) was calculated using the following equation: MAP = (SBP − DBP)/3 + DBP.
Muscle sympathetic nerve activity
Multiunit muscle sympathetic nerve activity was recorded by the microneurographic technique using a recording system similar to that in our previous studies (Katayama et al., 2012 (Katayama et al., , 2013 (Katayama et al., , 2015 Saito, Tsukanaka, Yanagihara, & Mano, 1993) . A tungsten microelectrode with a shaft diameter of 0.1 mm (impedance 1-5 MΩ) was inserted manually by an experimenter into the right median nerve at the cubital fossa. To prevent arm movement artefacts during the leg cycle exercise, the right arm was fixed using equipment. After insertion, MSNA was based on the following criteria: spontaneous burst discharge synchronized with heartbeat and enhanced by breath holding, but showing no change in response to sensory stimuli such as a loud noise or cutaneous touch (Delius, Hagbarth, Hongell, & Wallin, 1972; Fagius & Wallin, 1980; Saito et al., 1993; Vallbo, Hagbarth, Torebjork, & Wallin, 1979) . In addition, we asked the subjects to hold their breath to identify MSNA after the Ex-VH (at least 10 s). The neurogram was fed to a differential amplifier (DAM 50; World Precision Instruments, Sarasota, FL, USA) and amplified 100,000 times through a bandpass filter (700-2000 Hz; DV-04; NF Corporation, Yokohama, Japan). The neurogram was full-wave rectified and integrated by a capacitance-integrated circuit with a time constant of 0.1 s (299; Intercross, Tokyo, Japan).
The mean voltage neurogram was continuously digitized through an analog-to-digital converter with a sampling frequency of 200 Hz. The MSNA bursts were identified from the mean voltage neurogram using a customized computer program-assisted inspection (Katayama et al., 2015; Katayama, Ishida, Saito, Koike, & Ogoh, 2016) , which accounted for the latency from the ECG R wave to the sympathetic burst (Fagius & Wallin, 1980) . The MSNA was quantified as burst frequency (BF; in bursts per minute) and burst incidence (BI; in bursts per 100 heart beats).
Statistical analysis
Values are expressed as means ± SD. The measurement variables were averaged every 1 min throughout the experiment. For all data, the assumption of normal distribution was verified using a KolmogorovSmirnov test. Comparisons of parameters between women and men were performed using Student's unpaired t test if the distribution was regular. When the distribution was not regular, the Mann-Whitney U test was used. Changes in the variables during the experiment in resistance and non-resistance trials were analysed using one-way ANOVA with repeated measures and the Bonferroni test (from Baseline and Ex-SB). Comparisons of parameters during the trials between men and women were achieved using two-way ANOVA with repeated measures. Owing to the baseline differences in MAP and MSNA BF between men and women, the absolute changes from baseline (ΔMAP and ΔMSNA BF) were compared as done previously (Ettinger et al., 1996; Jarvis et al., 2011; Smith et al., 2016 Smith et al., , 2017 . The SPSS (11.5; SPSS Inc., Chicago, IL, USA) statistical package was used only to execute the Kolmogorov-Smirnov test; the StatView (5.0; SAS Institute, Cary, NC, USA) software was used for other statistical analysis. A value of P < 0.05 was considered to indicate statistical significance. Table 1 shows pulmonary function and respiratory muscle strength.
RESULTS
Pulmonary function and respiratory muscle strength
Significantly lower values of VC, FVC, FEV1.0, MVV12 and PI max were found in women compared with men, whereas there was no difference in FEV1.0 (%) between the two groups.
Maximal exercise test
Cardiopulmonary parameters at exhaustion during the maximal exercise test are shown in Table 2 . All variables, except HR, were lower (P < 0.05) in women compared with men. Baseline were lower (P < 0.05) in women than in men (Table 4 ). The workload during submaximal exercise was 70.0 ± 9.1 and 49.1 ± 7.0 W for men and women, respectively.
Submaximal exercise test
VC (l) 3.4 ± 0.3* 4.4 ± 0.6 FVC (l) 3.2 ± 0.2* 4.3 ± 0.6 FEV1.0 (l) 2.9 ± 0
Respiratory variables
TheV E , V T and f R increased significantly during the Ex-SB in both groups and increased further (P < 0.05) during the Ex-VH with or without inspiratory resistance in each trial, as expected (Table 3) . Thė V E and V T during the Ex-VH were significantly lower in women than in men. The P ET,CO 2 during the Ex-SB demonstrated a small but significant increase in all trials, and it returned to pre-exercise levels during the Ex-VH. There were no significant differences in changes in P ET,O 2 , P ET,CO 2 and S pO 2 during resistance and non-resistance trials between men and women, as shown in Table 3 .
Cardiovascular variables
Changes in cardiovascular parameters during the experiment are shown in Table 4 
Non-resistance Men 10.9 ± 1.7 24.6 ± 3.8* 61.7 ± 8.6* # F = 220.3, P < 0.05 F = 6.1, P < 0.05
Resistance Men 11.6 ± 1.8 26.4 ± 2.9* 59.6 ± 7.7* # F = 205.1, P < 0.05 F = 3.6, P < 0.05 Women 8.9 ± 2.6 21.6 ± 1.4 † 50.4 ± 5.6 † ‡ § F = 344.9, P < 0.05 Women 0.5 ± 0.8 2.6 ± 0.9 † 6.3 ± 1.0 † ‡ F = 60.2, P < 0. Non-resistance Men 43.8 ± 10.4 30.9 ± 4.6* 28.1 ± 3.6* F = 16.6, P < 0.05 F = 1.7, n.s. Abbreviations: Baseline, spontaneous breathing at rest; DBP, diastolic blood pressure; Ex-SB, spontaneous breathing during exercise; Ex-VH, voluntary hyperventilation during exercise; HR, heart rate; MAP, mean arterial blood pressure; MSNA BF, muscle sympathetic nerve activity burst frequency; MSNA BI, muscle sympathetic nerve activity burst incidence; and SBP, systolic blood pressure. Values are means ± SD. * † P < 0.05 versus during Baseline. # ‡ P < 0.05 versus during the Ex-SB. In the comparison with the data during the Ex-SB, we indicate only when values are higher during the Ex-VH. § P < 0.05 versus men. One-way ANOVA RM (repeated measures), comparisons of parameters during non-resistance or resistance trials in men or women. Two-way ANOVA RM, comparisons of parameters during non-resistance or resistance trials between men and women. * Ex-SB compared with the Baseline. During the Ex-VH, HR showed further increase in each trial. There were no significant differences between men and women in HR during the non-resistance and resistance trials.
Representative ABP recordings are illustrated in Figure 2 , and mean values of SBP, DBP and MAP values are shown in Table 4 . In the nonresistance trial, SBP and MAP increased during the Ex-SB, and no further increases in SBP and MAP occurred during the Ex-VH. The DBP was unchanged throughout the non-resistance trial. No significant differences between men and women were found in SBP, DBP and MAP in the non-resistance trial. In the resistance trial, SBP and MAP increased during the Ex-SB, and further increases in SBP and MAP were found during the Ex-VH with inspiratory resistive breathing in both groups. The DBP did not change during the Ex-SB and increased significantly during the Ex-VH with inspiratory resistance in men and
women. There were significant differences in SBP, DBP and MAP during the resistance trial between men and women ( Table 4 ). The SBP, DBP and MAP during the Ex-VH in the resistance trial were lower (P < 0.05) in women compared with men. The magnitude of changes in MAP (ΔMAP) is shown in Figure 3 . There was no difference in ΔMAP during the non-resistance trial between men and women (F = 0.5, n.s.), whereas significant differences appeared during the resistance trial between the two groups (F = 2.9, P < 0.05). The ΔMAP at 4 and 5 min during the resistance trial was significantly lower in women compared with men.
Muscle sympathetic nerve activity
Typical MSNA recordings are illustrated in Figure 2 , and mean MSNA BF and BI values are indicated in Table 4 . The MSNA BF was unchanged during the Ex-SB and the Ex-VH in the non-resistance trial in both groups, although it was lower (P < 0.05) in women than in men.
No significant difference between men and women was found in the change in MSNA BF during the non-resistance trial. In the resistance Figure 4 . There was no difference in ΔMSNA during the non-resistance trial between men and women (F = 0.6, n.s.), whereas a significant difference between men and women was found during the resistance trial (F = 2.6, P < 0.05). Significantly lower MSNA BF in women was found at 4 and 5 min during the Ex-VH with inspiratory resistance. Changes in MSNA BI are shown in Table 4 , and MSNA BI decreased significantly during the Ex-SB and Ex-VH in the non-resistance trial in men and women. In the resistance trial, MSNA BI decreased (P < 0.05) during the Ex-SB and tended to return to Baseline during the Ex-VH in both groups.
Dyspnoea
The RPE dyspnoea scores significantly increased from Baseline to Ex-SB in non-resistance and resistance trials in men and women (Table 3) .
Further increases in dyspnoea were found during exercise with and without inspiratory resistance. There was no significant difference between men and women in RPE dyspnoea during the experiment. Time (min) ΔMSNA (bursts/min) F I G U R E 4 Muscle sympathetic nerve activity (MSNA) during non-resistance and resistance trials in men and women. The values are the mean absolute change from baseline. § P < 0.05 men versus women. Abbreviations are as for Figure 3 
DISCUSSION
Major findings
The major findings of the present study were that during mild-intensity dynamic exercise with inspiratory resistance: (i) MAP and MSNA BF increased in both men and women; and (ii) the magnitude of the increase in MAP and MSNA BF was less in women compared with men. These findings support our hypothesis that women exhibit attenuated sympathetic vasomotor outflow during exercise with increased inspiratory muscle work compared with men.
Inspiratory muscle metaboreflex
Fatiguing inspiratory muscle contractions activate the inspiratory muscle metaboreflex, eliciting neural and cardiovascular consequences. Specifically, fatiguing diaphragm contractions, via phrenic nerve stimulation, lead to an increase in type IV (primarily metabosensitive) afferent discharge (Hill, 2000) . Additionally, when metaboreceptors in the diaphragm were stimulated electrically, pharmacologically or with local lactic acid infusions, efferent sympathetic nerve activity increased and vascular conductance decreased in selected vascular beds (Hussain, Chatillon, Comtois, Roussos, & Magder, 1991; Offner, Dembowsky, & Czachurski, 1992; Rodman, Henderson, Smith, & Dempsey, 2003) . In resting humans, increased inspiratory muscle work leads to time-dependent increases in MSNA, ABP and limb vascular resistance (Sheel et al., 2001; Smith et al., 2017; St Croix et al., 2000) . A major advantage of the experimental protocol in the present study is that MSNA and ABP were measured during dynamic leg exercise. Accordingly, inspiratory resistive breathing during leg cycle exercise caused an increase in MSNA BF in young men and women, and this was accompanied by an increase in ABP in both sexes (Table 4 and Figures 3 and 4) .
These results are in excellent agreement with our previous studies, in which we found increases in MSNA BF and MAP during leg cycling with inspiratory resistance in young men (Katayama et al., 2012 (Katayama et al., , 2013 
Sex differences in the inspiratory muscle metaboreflex
Previously, neural and cardiovascular sex differences have been reported, with women generally having a lower resting ABP and MSNA BF compared with men (Jones et al., 1996; Smith et al., 2016 ).
Similar to these previous studies, women had significantly lower resting MAP and MSNA BF compared with men in the present study (Table 4 ).
Sex differences also exist in respiratory anatomy and mechanics during exercise, in that women have smaller airways compared with men (Sheel et al., 2009) . Consequently, women have a higher work of breathing (Dominelli et al., 2015; Guenette et al., 2007) , and thus it is speculated that women have a greater inspiratory muscle metaboreflex. In contrast to this speculation, inspiratory muscle fatigue was less in women than in men (Guenette et al., 2010) , and the magnitude of the increase in ABP to enhanced respiratory muscle work was smaller in young women compared with men (Smith et al., 2016) .
Similar to these studies, we found that women had an attenuated increase in MAP during exercise with inspiratory resistance compared with men (Table 4 and Figure 3 ). These results indicate that young women exhibit an attenuated inspiratory muscle metaboreflex.
What are potential mechanisms for this attenuated ABP response during dynamic exercise with inspiratory resistive breathing in women? First, as demonstrated in the present study, women exhibit less sympathetic vasomotor outflow in response to increased inspiratory muscle work during mild-intensity exercise (Table 4 and Figure 4 ). In support of this, premenopausal women, compared with men, exhibit an attenuated MSNA response during static handgrip exercise (Ettinger et al., 1996; Jarvis et al., 2011) . Moreover, women have less metabolite accumulation (H + and H 2 PO 4 − ) during exercise (Ettinger et al., 1996) . Therefore, sex differences in sympathetic vasomotor outflow in the present study might be attributable to less metabolic accumulation within the respiratory muscles in women. In line with this, women also exhibit greater inspiratory muscle fatigue resistance than men (Gonzales & Scheuermann, 2006; Guenette et al., 2010 ). Sex differences in muscle morphology and substrate utilization are likely to contribute to the attenuated metabolite accumulation and greater inspiratory muscle fatigue resistance reported in women.
Although sex differences in inspiratory muscle fibre types have not been investigated, it was reported that women have a greater percentage of type I muscle fibres in limb skeletal muscle than men (Simoneau & Bouchard, 1989) . Thus, women may exhibit a greater percentage of type I/IIa muscle fibres in the diaphragm and accessory inspiratory muscles compared with men. Furthermore, sex differences in substrate utilization is also a potential mechanism, as women have a greater reliance on -oxidation of fatty acids (Hicks, Kent-Braun, & Ditor, 2001 ). These differences in muscle morphology and/or substrate utilization probably contribute to attenuated metabolite production during mild-intensity exercise with increased inspiratory muscle work, thereby resulting in less sympathetic vasomotor outflow in women.
Second, sex differences in the transduction of sympathetic vasomotor outflow to the peripheral vasculature probably also contributed to the blunted ABP response in young women (Hart et al., 2011; Hogarth, Mackintosh, & Mary, 2007) . For example, women, compared with men, exhibit less vasoconstriction despite similar increases in MSNA in response to acute stress (Hogarth et al., 2007) . Furthermore, women have a relative inability of sympathetic nerves to cause vasoconstriction, and this relative insensitivity to sympathetic vasoconstriction probably results from the offset of -adrenegically mediated vasoconstriction by augmented -adrenergic vasodilator effects (Hart et al., 2011; Joyner, Wallin, & Charkoudian, 2016) .
Therefore, it is likely that sex differences in peripheral transduction of sympathetic vasomotor outflow also contributed to the lower MAP response to inspiratory resistive breathing during exercise in young women compared with age-matched men.
Technical considerations and limitations
We used 40%V O 2 peak exercise intensity for several reasons, as in our previous study, because the rate of successful MSNA recordings is relatively high when the exercise intensity is light (Katayama et al., 2012 (Katayama et al., , 2013 (Katayama et al., , 2015 . Movements of the arm and the body become greater during leg cycling with inspiratory resistance.
Work of breathing was not measured in the present study. However, men and women were both at the same relative (30%) PI max , and V T and f R were also fixed at twice the baseline V T and 50 breaths min −1 during exercise with voluntary hyperpnoea for both men and women.
Although the men had a higherV E during the non-resistance and resistance trials compared with the women (∼61 versus 51 l min −1 ; is required to observe sex differences in the work of breathing (Dominelli et al., 2015; Guenette et al., 2007) . However, a recent study found that women had a greater cost of breathing at a ventilation of ∼55 l min −1 (Dominelli et al., 2015) , which is in line with the ventilation of the present study.
The MSNA was represented as BF and BI, which has been used in previous studies to record MSNA during dynamic leg cycling (Katayama et al., 2011 (Katayama et al., , 2013 Saito et al., 1993) . We could not calculate MSNA burst amplitude and total activity. Electromyographic, efferent and afferent nerve activities altered the baseline of the integrated neurogram during dynamic leg cycling in most recordings (Katayama et al., 2012 (Katayama et al., , 2013 (Katayama et al., , 2015 , thereby in some cases, we could not preserve signal-to-noise ratio >3:1 during leg cycling. However, previous studies demonstrated that there is a positive correlation between BF and burst amplitude (Mark, Victor, Nerhed, & Wallin, 1985) and parallel increase in BF and burst amplitude during exercise (Seals, Johnson, & Fregosi, 1991) . Thus, it seems reasonable to suppose that our MSNA BF values are valid and that MSNA total activity was elevated during exercise in the present study.
We did not control menstrual cycle in female participants. Baseline MSNA changes throughout the menstrual cycle, as reproductive hormones have been shown to influence autonomic control (Minson, Halliwill, Young, & Joyner, 2000; Usselman et al., 2015) , and sexbased studies have accounted for menstrual cycle phase (Hart et al., 2009; Yang, Cooke, Reed, & Carter, 2012) . Previous studies have investigated the effect of menstrual cycle on MSNA during exercise, but the findings are inconsistent. Ettinger et al. (1998) observed a higher MSNA response to static handgrip exercise during the early follicular phase compared with the midluteal phase. However, they also showed that no significant difference in MSNA appeared between the two phases when the exercise was rhythmic handgrip exercise.
Furthermore, Minson et al. (2000) reported no phase effect (midluteal 
Conclusion
In the present study, it was found that the magnitude of increase in MSNA during leg cycle exercise with inspiratory resistance was smaller in young women than in age-matched men. In addition, the smaller increase in ABP appeared during exercise with inspiratory resistance in women compared with men. These results suggest that the attenuated inspiratory muscle-induced metaboreflex during exercise in young women could be attributed, in part, to a lesser sympathetic vasomotor outflow.
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